Consumption of nitrate and nitrite is associated with a variety of health outcomes. Commercially available test strips that allow semi-quantitative estimation of these contaminants in drinking water are inexpensive relative to laboratory testing, and are simple to use. To examine the accuracy of a nitrate/nitrite test strip, we recruited Washington State residents to estimate levels of these contaminants in their tap water using these strips, and simultaneously provide a tap water sample for laboratory analysis. Paired results were available from 102 homes. On the basis of laboratory assay, nitrate levels as nitrogen ranged from no nitrate (27%) to 40.5 mg/l (median 0.4 mg/l). Spearman's correlation coefficient between test strip-and laboratorymeasured nitrate indicated moderate precision overall (r ¼ 0.72). Correlation was similar for homes inside and outside city/town limits, but differed by primary source of water for the purveyor indicated by residents (r ¼ 0.72 for groundwater and r ¼ 0.34 for surface water). Seven (7%) participants reported difficulty in distinguishing colors (contaminant levels) when using the test strip; and among the samples with nitrate, the laboratory assay indicated higher nitrate levels than the test strip for 81%. Nitrite was not detected by laboratory assay; in comparison, five (5%) subjects reported any nitrite according to the test strip. Nitrate/nitrite test strips may be useful in some epidemiologic studies, but should be used with caution, preferably as a screening tool or when laboratory assays are not feasible.
Introduction
Exposure to nitrate or nitrite in drinking water is associated with methemoglobinemia in infants, and possibly cancer (Grosse et al., 2006) and selected reproductive and developmental outcomes (Manassaram et al., 2006) . Levels in water can be measured accurately with laboratory assays, but in the context of a large epidemiologic study, this may be costprohibitive, and poses logistical challenges due to obtaining and transporting water samples. A potential alternative is for study staff or participants to use semi-quantitative test strips/ dipsticks that allow on-site measurement of contaminants in water. They are commercially available, inexpensive, and employ a simple method. When pads on the test strips contact water with nitrate or nitrite, they change color, which can then be compared with a color chart to estimate the respective levels. However, the accuracy of these test strips, especially when used by study participants themselves or in regions with generally modest nitrate/nitrite water contamination, is unclear. Using a sample of households with children in Washington State, we examined this question by comparing nitrate and nitrite levels measured quantitatively in tap water to those determined by the household residents using test strips.
Methods

Participant selection and water testing
Institutional Review Board approval was received from the Fred Hutchinson Cancer Research Center before the conduct of this study. This was a pilot study with limited resources and field time, and we used an added-digit technique to identify telephone numbers that might include residences with a variety of tap water sources and levels of nitrate, nitrite, and arsenic, another parameter of interest. We used Washington State Cancer Registry data for [1993] [1994] [1995] [1996] [1997] [1998] [1999] to identify cities where childhood cancer patients resided at diagnosis, and targeted a subset of these cities for study recruitment. Each of 53 cities with 8-34 pediatric cancer cases was targeted once, four cities with 35-50 cases twice, two cities with 50-100 cases three times, and two cities with 4100 cases four times, for a total of 75 residences from 61
cities. An additional 25 cities with less than eight cancer cases, but a high proportion of residences on wells, or a high proportion of water sources containing nitrate or arsenic above the respective US federal maximum contaminant level (MCL), were each targeted once. Additional residences in all 86 cities were targeted as needed to reach our goal of 100 participants providing both survey information and a water sample.
We used published directories from target cites to randomly pick a ''seed'' telephone number. To allow unpublished numbers to be included, we replaced the last two digits of the ''seed'' number with two randomly generated numbers (Lavrakas, 1993) . Each selected telephone number was attempted at least once during the day, once in the evening, and once on the weekend before being abandoned and a new random number attempted. Residences with a child (0-19 years) and with an adult, Englishspeaking household member, were eligible to participate. Forty-two percent of the attempted telephone numbers were verified as residential, and of these 893 residential numbers, 646 (72%) were screened for eligibility. Individuals from 156 (98%) residences determined to be eligible completed the telephone questionnaire on tap water consumption. This survey included information about the residence's source of tap water (ground, surface or spring), type of supply (water system or private supply), and the specific water purveyor if on a system. This information was verified or corrected using local water service maps and US Environmental Protection Agency (EPA) water system information, all publicly available online. For comparison to the water service maps, we geocoded each residence using the reported street address and Maptitude (version 4.1, Caliper Corporation, Newton, MA, USA) (83% automatically and 17% manually). For 67% of survey participants both the source and purveyor were retained as reported, for 12% the reported purveyor was retained but the source corrected, and for 21% both the purveyor and source were determined by study staff; percentages were similar for the subset of participants who conducted water-testing activities. The geocoding also allowed us to determine whether a residence was located within the boundaries of a city/town. Type of water treatment for each system was obtained from an online Washington State Department of Health database.
Ninety-five percent of residents surveyed agreed to provide a tap water sample for quantitative laboratory testing for nitrate, nitrite, and arsenic. We shipped a water-testing kit, which included a written consent form, detailed instructions, small cooler, 500 ml polypropylene bottle, three ice packs, specimen tracking form, overnight shipping label, two identical nitrate/nitrite test strips and associated color chart, and a test strip results form. We used the WaterWorks test strip (Acustrip, Mountain Lakes, NJ, USA) because it was available in individual, factory-sealed packets; professionally printed color charts were also available singly; and the stated limit of detection for nitrate was among the lowest available. The color chart included the following cutpoints: 0, 0.5, 2, 5, 10, 20, 50 mg/l nitrate as nitrogen, and 0, 0.15, 0.3, 1, 1.5, 3, 10 mg/l nitrite as nitrogen.
Residents were asked to place the ice packs in their freezer the night before water collection/testing, and then immediately prior to turn off water filtration devices, and run cold tap water for two minutes. Participants were to hold the test strip for 2 s under a gentle flow of water, wait for 60 s, compare the test pads with the color chart, choose the single closest values for nitrate and nitrite, report any difficulties on the results form, and mail the form to study staff. For the water collection, participants were to fill the bottle, date the tracking form, place these in the cooler with the ice packs, and overnight ship the cooler to the study laboratory (North Creek Analytical, Inc., Bothell, WA, USA). When the sample arrived, laboratory staff noted the date, time, and temperature of water. Nitrate and nitrite as nitrogen were quantified using 250 ml of the sample and EPA method 300.0 (US EPA, 1983), blind to test strip results.
Of those agreeing to conduct the above activities, 107 (72%) provided a tap water sample, 105 (71%) provided test strip results, and 104 (70%) provided both. Laboratory results were unavailable for two of these samples, yielding 102 pairs. Results are presented for these 102 residences except where noted. These residences were similar to all surveyed residences with respect to the number of residents in the home, water source, type of supply, and residents' water consumption (amount drunk at home or elsewhere, bottled water use, and use of water filters). An incentive of $10 was offered for completing the water sampling/testing.
To examine whether reliance on residents for water sampling and testing influenced results, we located a convenience sample of 10 additional residences throughout the state, representing high and low water nitrate areas, surface and groundwater sources, and monitored systems and private wells. Study staff repeated all water-testing activities at the home within 24 h, blind to participants' results.
At the same time, for quality control, staff collected a duplicate sample for testing at the Washington State Department of Health, which certifies water-testing laboratories in the state. Agreement between the study laboratory and the certification laboratory was excellent (r ¼ 0.997 for nitrate, no nitrite detected by either laboratory).
Statistical Analysis
We used Stata (version 8.0, StataCorp, College Station, TX, USA) for analyses. To compare agreement between each subject's two test strips (reproducibility), we calculated weighted k using traditional weighting values (Armstrong et al., 1994) . Using the quantitative laboratory-derived measures for nitrate and nitrite as a ''gold standard,'' we also estimated the precision of the semi-quantitative test strips. Specifically, because the nitrate measures were nonnormal, we estimated Spearman's correlation coefficient between the test strip and laboratory measures, after converting the latter continuous measures to a comparable scale (Armstrong et al., 1994 ) (we assigned each laboratory value to the closest possible cutpoint on the test strip when comparing to a single test strip, and the closest possible mean of two cutpoints when comparing to the mean of the two test strips). To examine whether the test strip measurements were biased (i.e., systematically higher or lower than laboratory measures) we categorized and tabulated test strip-laboratory assay pairs, as non-normality precluded simple comparison of the methods' means. Because the test strips can be used in concert with laboratory testing, such as to screen whether laboratory testing is warranted, we also estimated the sensitivity, specificity, and area under the receiver-operating characteristic (ROC) curve with regard to the presence of nitrate/nitrite. We included the ROC curve to consider simultaneously sensitivity and specificity as an overall measure of performance (0.5 or lower indicates an uninformative test).
Results
Characteristics of Participating Residences
Approximately half of the residences were located within city or town limits (Table 1) . Most (83%) residences were supplied by a water system, and the remainder by a private well serving 1-8 homes. Two-thirds of homes mainly received groundwater, and the rest received mainly surface water. This water was obtained from 54 suppliers (41 providing groundwater and 13 providing surface water, not shown). The majority was chlorinated (Table 1) , although none of the private wells was reported to be chlorinated, while all of the surface water was (not shown).
Nitrate was detected by laboratory assay in 74 (73%) of subjects' tap water (Table 2) . Levels were generally modest (median 0.369 mg/l as nitrogen), with only two (2% of the Residences connected to a monitored system served primarily by surface water sources; 13 suppliers represented. c Residences connected to a monitored system served primarily from groundwater sources; 41 suppliers represented. Residences served by an individual or shared well not associated with a monitored system. e US federal maximum contaminant level, 10 mg/l as nitrogen.
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total sample) exceeding the MCL of 10 mg/l as nitrogen (maximum 40.5 mg/l). Both of these residences were served by a private well not associated with a system monitored under the Safe Drinking Water Act. Among residences served by systems, nitrate levels were generally lower for those served by surface sources (median 0.0855 mg/l) in comparison to those served by groundwater sources (median 1.07 mg/l), although the maximums were similar. Nitrite was not detected in any sample by laboratory assay.
Ability of Subjects to Conduct Water Sampling And Testing
The majority of the 107 participants who provided a water sample appeared to follow the water-testing instructions: 94 (88%) water samples arrived the day after sampling occurred, and among the 93 for which a temperature was recorded, 77 (83%) were below 61C upon arrival. All 105 participants who provided test strip results reported, as requested, a single nitrate and nitrite level for each test strip. Seven (7%) indicated they had difficulty choosing between two possible colors (nitrate levels) and one (1%) reported holding the first test strip under the running tap too long.
Agreement between study staff and participants in the convenience sample of 10 residences was high (r ¼ 1.0 for laboratory nitrate, r ¼ 0.98 for test strip nitrate, no nitrite detected in any laboratory samples, no nitrite detected with test strips except one subject who reported the lowest level of nitrite for one test strip).
Test Strip Reproducibility
When we compared the 105 available test strip pairs, 83 (79%) were in exact agreement for nitrate. For four (4%) pairs both test strips indicated nitrate, but at adjacent levels. For 18 (17%) pairs one test strip was negative and one test strip was positive (16 were at the lowest level of 0.5 mg/l, one was 2 mg/l, and one was 10 mg/l). The subject with this last pair had reported holding the first (negative) test strip under the tap water too long. Weighted k was 0.78 overall, and 0.86 after excluding this last pair. For nitrite, 101 (96%) test strip pairs agreed fully, whereas for three (3%) pairs the two test strips indicated nitrite at adjacent levels. The remaining pair was very discordant: one test strip indicated no nitrite and the other indicated 1 mg/l, the MCL.
Test Strip Precision
The mean nitrate from the two test strips was moderately correlated with nitrate as measured by laboratory assay (r ¼ 0.72). This value was similar (r ¼ 0.73) when we focused on the 74 (73%) water samples that were collected the same day as the test strips were used, and then arrived to the study laboratory within 48 h and below 61C. Correlations between laboratory nitrate and other measures (first test strip, second test strip, minimum nitrate, maximum nitrate) were similar, ranging from 0.67 to 0.76. Correlation between test strip and laboratory nitrate was similar for residences inside (r ¼ 0.71) and outside (r ¼ 0.72) city/town limits, and fairly similar for residences on (r ¼ 0.71) vs. off (r ¼ 0.82) a water system given the small number of the latter. However, the correlation was markedly lower when the water was from surface sources (r ¼ 0.34) than when it was groundwater (r ¼ 0.72), a difference that remained when we focused on residences on a water system. Because surface and ground water differed in terms of nitrate level and chlorination, we attempted to examine whether these could underlie this observation. Although precision was somewhat lower for residences with laboratory-measured nitrate at or below (r ¼ 0.41) vs. above (r ¼ 0.63) the median, there was no such difference among residences served by groundwater (r ¼ 0.55 and r ¼ 0.58, respectively). This appeared to be driven by surface water samples (r ¼ 0.30 and r ¼ 1.0, for at or below vs. above the median) F but was based on small numbers, with only four residences with 40.369 mg/l nitrate. Our consideration of chlorination was similarly limited (all surface samples came from chlorinated systems), but among residences served by groundwater there was no difference in precision between residences served by a chlorinated (r ¼ 0.74) or non-chlorinated (r ¼ 0.70) water supply.
Test Strip Bias
Among the 74 residences with any tap water nitrate according to laboratory assay, test strip nitrate was higher than laboratory nitrate for 14 (19%) residences (0.012-15.52 mg/l higher, median 0.193 mg/l higher). For the other 60 (81%) residences, test strip nitrate was lower than laboratory nitrate (0.04-35.5 mg/l lower, median 0.607 mg/l lower). The proportions were not markedly different when stratified by water source (test strip nitrate was higher than laboratory nitrate for 18% of residences with groundwater and 24% with surface water).
Sensitivity and Specificity
Of the 74 residences with any nitrate according to laboratory assay, 55 (74%) were positive when the reported presence of any nitrate on either of the test strips was considered a ''positive'' result (sensitivity, Table 3 ). Of the remainder, 15 (79%) had laboratory results below 0.5 mg/l as nitrogen (0.078-0.432 mg/l), the test strip's stated limit of detection for nitrate (data not shown). Three (16%) were close to this limit (0.566 to 0.618 mg/l), and the remaining one (5%) was 3.11 mg/l. Sensitivity dropped to 59% when both test strips had to indicate any nitrate to be considered a ''positive'' result, and 9/30 (30%) of the test strip-negative samples contained nitrate 40.5 mg/l according to laboratory assay, including five (17%) 41 mg/l. If only the first test strip was considered, the sensitivity was 68%, and of the test stripnegative samples, 6/24 (25%) were above 0.5 mg/l, including 3/24 (13%) 41 mg/l. Results were not improved if only the second test strip was considered. Specificity also varied, ranging from 75% (no nitrate on either test strip) to 93% (no nitrate on both test strips). Area under the ROC curve ranged from 0.72 to 0.78, with all 95% confidence intervals excluding 0.5. Regarding nitrite, for which no laboratory assays were positive, five (5%) subjects reported any nitrite (0.15-3 mg/l, median 0.225 mg/l), yielding a specificity of 95%.
Discussion
Our results suggest that semi-quantitative nitrate/nitrite test strips may be useful for some epidemiologic studies in lieu of quantitative laboratory testing. Agreement between test stripand laboratory-measured nitrate was good (r ¼ 0.72 with two test strips), suggesting that the test strips are moderately precise (they may order residences with respect to relative tap water nitrate levels fairly well) even when subjects themselves use the test strips. Bischoff et al. (1996) examined agreement between test strip-and laboratory-measured nitrate in a privately funded study that included 58 residences in Indiana relying on wells. In comparison to our study, the median nitrate level was much higher (6 mg/l as nitrogen, 416 times higher than the median in our study), and test strips were used by laboratory workers who dipped the test strips in the water, rather than household residents who used flowing tap water. Despite these differences and the use of a different test strip, the results were consistent with ours in that precision was good, although notably higher (rE0.95). Like our study, the test strips appeared to underestimate nitrate levels. In that study, laboratory standards were prepared to correspond to the test strip's nitrate categories, and the test strip results were lower for 4/18 (22%) pairs, and matched the standard for the remaining 12 pairs. Blanks (no nitrate) were also prepared, and one of 27 test strip reader-field blank pairs was positive, suggesting a specificity of approximately 96%.
Using tap water from 447 residences in Germany, Steindorf et al. (1994) estimated agreement between nitrate test strip levels and levels estimated from public water quality monitoring records, and reported Spearman's correlation coefficients of 0.59-0.62. These correlations, slightly lower than ours, are consistent with our results, given that only one test strip was used and that test strip results were correlated with another non-laboratory (non-gold standard) measure. For their study also, the mean nitrate levels were generally higher than in our region (mean 3.6 mg/l as nitrogen) and study staff conducted the testing rather than residents.
A typical nitrate/nitrite test strip costs less than $1, and may be easily mailed in a standard envelope. In comparison, laboratory testing for both nitrate and nitrite costs approximately $30-$40, in addition to the potential cost of traveling to the residence, or for shipping the kit and sample (approximately $15 within state at the time of our study). Thus, the cost savings of using test strips in lieu of laboratory testing to estimate tap water nitrate and nitrite is considerable, especially when combined with other data collection methods that do not require a site visit.
Test strips might also be used as an initial screening tool to determine if further laboratory testing F for nitrate, nitrite, or perhaps other contaminants such as microbes and pesticides that may correlate with nitrate F is warranted. At best, sensitivity was 74%, when either of two test strips was used to identify nitrate, but notably all but one residence with tap water nitrate 41 mg/l was identified. This suggests that if two (or more) test strips were used and laboratory testing occurred if either strip indicated the presence of nitrate, subjects could be fairly well categorized as having no-to-low nitrate vs. higher nitrate level(s), while potentially realizing some cost savings. With two strips, specificity was 75% for nitrate and 95% for nitrite, indicating that little more than 25% and 5% of samples would require laboratory testing for nitrate and nitrite, respectively F where these contaminants are rare. However, the proportion to be laboratory tested would increase with the prevalence of the contaminant, limiting cost savings. And, although it appears that using only one test strip would improve specificity with little impact on sensitivity, two test strips may help ensure that the participant uses at least one according to protocol.
Use of test strips in lieu of quantitative laboratory testing would result in some measurement error. If this error is independent of the outcome of interest, the association between the outcome and water nitrate would be attenuated. Sample size would need to be increased accordingly (Armstrong et al., 1994) , reducing somewhat the potential cost savings from using the test strips. If, as is often the situation, sample size could not be increased to compensate for the measurement error, statistical power would suffer. For example, if in a case-control study one could apply the 0.72 correlation between test strip-and laboratory nitrate to cases and controls equally, and if a given unit increase in water nitrate was truly associated with a moderately strong odds ratio of 2.0, the observable odds ratio would be 1.4 according to the attenuation equation (Armstrong et al., 1994) . A more modest odds ratio of 1.5 would drop to 1.2.
Perhaps of greater concern is the potential for differential measurement error, that which differs by the outcome of interest. First, several subjects reported difficulty in choosing a color (contaminant level) on the test strip; indeed the color difference between, for example 5 and 10 mg/l, is subtle. This may increase the possibility of differential measurement error, for example, if the tester is a family member of a cancer case diagnosed previously. Second, there was some indication that the test strips tended to yield nitrate levels lower than laboratory assays. If such bias exists and might be caused or exacerbated when subjects fail to follow instructions (e.g. holding the test strip under a tap flowing too hard), then differential measurement error might also arise if, for example, some groups of subjects adhere more carefully than others. Perhaps this could be minimized by providing a cup for collecting the tap water so that the test strip could be dipped in motionless water. Third, we observed a higher test strip-laboratory correlation for residences served primarily by groundwater than surface water. It is unclear whether this is due to chance, generally higher nitrate levels and greater nitrate variability in groundwater vs. surface water in our samples, or other possible characteristics of surface water, such as chlorination and higher levels of organics, which together may lead to the formation of nitrite, which interferes with nitrate estimation via the test strip. Our data do not support this, but we cannot rule out differences in test strip performance in ground vs. surface water, so this should be examined further, especially in studies in which water source might be directly or indirectly associated with the outcome of interest. However, it is reassuring that the correlation coefficients observed in a case-control study (Steindorf et al., 1994) were very similar for cases (r ¼ 0.62) and controls (r ¼ 0.59) despite a lack of blinding on case status. It should be noted, though, that the test strips were used by study staff, and a correlation coefficient for the two groups combined was not provided, nor were other means of assessing whether the test strips yielded biased results, and if so, whether this bias differed by case status. Thus, although we did not assess the potential for differential bias, test strips for nitrate, nitrite or other exposures of interest should be used in epidemiologic studies with caution, especially in retrospective studies.
Test strips may also be less useful in studies in which other samples or information are required, but for which no suitable alternative to an in-person interview or sample collection exists. For example, the presence of nitrate in the water may indicate the presence of other water contaminants, such as agricultural pesticides or microbes, and these may be important to measure as well, but may require the collection of water samples. Estimates of dietary nitrate and nitrite intake may also be useful. And, finally, for studies in which nitroso compound exposure is of particular interest, collection of a variety of other measures, such as measures of endogenous exposure to these compounds in saliva, urine or feces; biomarkers of genotoxicity; CYP2E1 genotype; and dietary intake of nitrosatable amines and amides, and vitamin C and other nitrosation inhibitors may be useful or necessary (Ward et al., 2005) .
Despite the potential limitations of the nitrate/nitrite test strip, their moderate precision as used here is encouraging, especially with respect to residences not served by a water system F namely homes with private wells F for which public water quality monitoring data may not be available for linkage-based exposure measures. It is also encouraging that, aside from the few challenges noted above, home residents were able to follow detailed directions and adequately conduct all water-testing activities, as confirmed by good agreement with repeat testing by study staff. Having participants themselves collect water samples or use test strips and other such tests may allow potentially informative studies F which might be otherwise unfeasible due to cost or logistics F to occur.
